Abstract-The microwave transmission of hexagonal arrays consisting of patches of equilateral aluminium triangles has been experimentally studied as a function of metal occupancy (triangle size). As one would expect, at low frequencies the microwave transmission drops on passing through the connectivity threshold (50%) when the disconnected hexagonal array of metal triangles switches to a disconnected hexagonal array of equilateral holes. However, for higher frequencies resonant phenomena cause a complete reversal in this behaviour such that the transmission, on passing through the connectivity threshold, increases substantially.
INTRODUCTION
Since Ebbesen et al. [1] presented evidence of enhanced transmission of electromagnetic (EM) waves through a periodic array of subwavelength holes in a metal film there has been a substantial body of theoretical and experimental work on the subject. The majority of studies have centred on the manipulation of light on a sub-wavelength scale with artificial photonic structures [1] [2] [3] but there are also a significant number of publications concerning wavelengths beyond the visible [4] [5] [6] [7] [8] .
Enhanced optical transmission (EOT) through these holey metal films was found [1] to be several orders of magnitude greater than the transmission predicted by Bethe's theory [9] . At visible frequencies, this EOT is generally attributed to the excitation of surface plasmons on either or both surfaces of the hole array [10, 11] , which couple through the evanescent fields within the holes. The roles of the periodicity, film thickness and metal type have been elucidated both theoretically [2, 12] and experimentally [13] [14] [15] [16] [17] .
At microwave frequencies there has been a large amount of work exploring the response of hole arrays (inductive meshes) as well as patch arrays (capacitive meshes) (see [18] and references therein), both of which are commonly referred to as frequency selective surfaces (FSSs) due to their behaviour in the long wavelength limit. Resonant behaviour may be observed when the incident wavelength λ 0 is approximately equal to twice one of the key dimensions in the structure. This may be expected to occur at wavelengths close to the typical hole or patch dimension (a patch resonance), or the periodicity of the structure (although when the wavelength reduces to that of the latter, then diffraction is likely to become important). Equivalent circuit theories [19] [20] [21] have been used to model such arrays, with inductive and capacitive elements determining the resonant frequency of the array and resistance determining the loss.
Recently [22] the relationship between metal occupancy of a square array of square patches and its microwave transmission has been investigated and it was found that on crossing the connectivity threshold, the magnitude of the transmitted signal actually increased rapidly for certain frequencies, as opposed to decreasing as one would perhaps naively expect. In this study the dependence of transmission as a function of metal occupancy of a hexagonal array of equilateral triangle metal patches is investigated. In a similar vein to the previous study [22] of squares in a square array, the geometry of this structure is also such that when the metal occupancy reaches 50% the triangles become connected and then a hexagonal array of equilateral triangular holes results, the complementary structure. (Such hexagonal arrays of holes are just the inverse of the metal patch structure at the equivalent lower occupancy, and their response function for the orthogonal incident polarisation may be predicted using Babinet's theorem [23] .) This equilateral triangle geometry along with the square patch geometry are those with the highest symmetry with this property. Other patch shapes may be considered but the triangular shape is that with the highest symmetry leading to the smallest azimuthal angle dependence, further it and the square array are the two highest symmetry states with complete Babinet selfcomplementarity. Crucially, like the square patch array, this triangle structure also enables the dependence of the microwave transmission on the metal occupancy either side of the connectivity threshold (when the metal patches switch from disconnected to connected) to be fully explored. Conventional wisdom would have it that the high microwave transmission of a regular array of triangular metal patches will switch off on increase of the metal occupancy through the connectivity threshold. However, the results presented here show that, for frequencies close to the diffraction edge, the existence of a resonance causes the microwave transmittance to go from zero to close to unity through this threshold -a complete reversal of the expected behaviour at lower frequencies.
RESULTS
Samples were produced using a hexagonal array geometry having centre to centre distance d = 6.00 mm (minimum lattice spacing d = 5.196 mm with an equilateral triangle patch of side length a on each lattice point ( Figure 1 ).
The samples were produced using conventional photolithographic and chemical etching techniques to pattern a nominally 60 nm thick aluminium layer on a 75 µm Mylar R substrate. Despite the thickness of the aluminium layer being much less than the skin depth for the frequency range studied (∼ 1 µm), it is essentially completely opaque to microwaves due to its Drude-like dielectric function, Im(ε) → ∞, manifested as a large impedance mismatch. Samples were fabricated to cover the range of occupancies, X, from no metal to continuous aluminium (0 ≤ X ≤ 100%) by varying the side length of the patches a. For all samples with a > 6.00 mm the patches become connected forming the inverse structure, a conducting mesh network: a triangular hole array.
Each sample is supported on a 3 mm thick sheet of expanded polystyrene, having a refractive index ∼ 1 at these frequencies, and is placed behind a 100 mm × 100 mm aperture formed from microwave absorbing material. A collimated microwave beam is incident normal to the sample and transmission measurements, normalised to transmission through the aperture and polystyrene sheet without a sample, are taken in the frequency range 26.5 to 60 GHz. First order diffraction for normal incidence radiation occurs at 57.7 GHz due to the grating periodicity d = 5.196 mm. Typical results are shown in Figure 2 .
Modelling of the expected electromagnetic response was undertaken using a finite element method (FEM) model [24] with the unit cell illustrated in Figure 1 , with periodic boundary conditions. The sample was therefore assumed infinite in the xy-plane and the incident wave was modelled as a perfect plane wave. However, in reality, the sample and beam spot are both finite and there is also a small incident angle spread of ∼ 1.5 • . The metal patches were also modelled as having zero thickness and as perfect electrical conductors. Whilst this is an often used approximation in the microwave regime it does lead to small discrepancies between the experimental and modelled data, primarily in the absolute amplitude of the response rather than the frequencies at which specific features occur. The comparison between the experimental data and the model predictions can be improved by the introduction of a finite thickness and loss of the metal. However such modelling is computationally intensive and therefore time consuming. In any case it is clear that one can fully interpret the results without this added complexity.
The disconnected arrays exhibit the low-pass frequency filtering commonly found for a regular capacitive patch array [18] as there is no continuous metallic pathway available for the currents to flow around the system. Conversely, the connected arrays exhibit highpass frequency filtering which is expected with inductive meshes [11] as now the currents are able to propagate through the continuous array of metal. A sample with a given metal occupancy (X%) is the inverse of a sample with occupancy of (100 − X%). By applying Babinet's principle [23] and considering the sample to be of zero thickness and to be a perfect conductor, a sample with X% occupancy will have a normal incidence transmission T x, while the (100 − X%) sample will have a transmission of (1 − T x). (Note that strictly the polarisation needs to be rotated by 90 • but for these high symmetry samples the normal incidence transmission response is the same as at 0 • .) Figure 2 demonstrates this to a substantial degree, as for example at about 41 GHz the 60% sample has a minimum in transmission whereas the 40% sample has a maximum. It is apparent however that the two responses do not sum to 1 as would be expected as there is between a 10 and 20% absorption loss in the sample (not accounted for in the model).
Each sample exhibits a transmission resonance near to but below the diffraction edge which takes the form of a sharp minimum (Figure 3(a) ) for the disconnected samples (a < 6.00 mm) and a sharp maximum (Figure 3(b) ) for the connected samples (a > 6.00 mm). For occupancies below 50% there are clearly two minima which become broader and shift down in frequency as the occupancy is increased towards 50%. For the triangular-hole samples with occupancy above 50% (Figure 3(b) ), the two maxima likewise become broader and move down in frequency as the occupancy is decreased towards 50%. For 50% there are two degenerate solutions (50% is of course a singularity) and in Figure 3(a) we show the solution for just below 50% while in Figure 3(b) is shown the solution for just above 50%. They are the expected inverse of each other. Figure 4 shows the electric field plots for the metal patch sample with a = 4.80 mm (X = 40%), solved at the frequencies of the two minima (41 and 57 GHz). These show that for the 41 GHz (Figure 4(a) ) mode there are three strong regions of electric fields at the corners of the patches (three nulls at the centre of the edges) while for the 57 GHz mode (Figure 4(b) ) there are six regions of strong electric field with three at the centre of the edges as well as three at the corners (two nulls per edge). Electric field plots from FEM modelling of the complimentary structure (X = 60%) are also shown in Figure 4 . The mode at 41 GHz (Figure 4(c) strong electric fields along the edges of the holes and three nulls at the corners and is complimentary to the patch resonance of Figure 4 (a).
The second mode at 57 GHz (Figure 4(d) ) does not appear to simply relate to that on the complementary metal patch structure and from the field plots it is seen that the magnetic fields from adjacent holes are connected and the transmission enhancement may be associated with propagating currents. These two higher frequency modes at 57 GHz are affected by the evanescent diffraction and as such are much less localised on the patches or within separate holes respectively. Figure 5 shows the transmission as a function of occupancy for a selection of fixed frequencies. For very low frequencies the transition at 50 % occupancy would be expected to be a step from full transmission to zero transmission. However, Figure 5 shows that this is clearly not the case. At 25.0 GHz the transmission behaviour upon passing through 50% occupancy gives the inverse character and results in a 20% increase in transmission. As the frequency is further increased the transmission increase on passing through the connectivity threshold becomes larger except for at 45 and 50 GHz where the transmission drops suddenly on going through the connectivity threshold due to the resonant mode for 45% < X < 50% samples occurring just before the connectivity threshold at these frequencies. Above 55 GHz the transmission again increases dramatically on passing through the connectivity threshold. This inverted behaviour is clearly associated with the resonance exhibited by each sample near to the diffraction edge. This resonance is seen in Figure 2 as a minimum in transmission for the disconnected samples and a maximum in transmission for the connected patch samples. These resonances are a hybridisation of the evanescent diffraction from the periodicity of the array with the resonant mode of each patch/hole. The strength of the evanescent diffracted orders is greatest closest to the onset of the first propagating diffracted order and it is at these frequencies that the inversion effect is most apparent. There are also two transmission channels present: a resonant and a non-resonant contribution and interference between these two channels that leads to the characteristic Fano-resonance shape.
CONCLUSIONS
An original study of the affect on microwave transmission of the metal occupancy of a hexagonal array of aluminium patches of equilateral triangles has been presented. For frequencies well below the diffraction edge there exist strong resonant modes which are associated largely with individual elements of the structures (either patches or holes). For frequencies approaching the diffraction edge the response is now more complex being a mixture of the response of individual elements (patches or holes) coupled via evanescent diffraction fields leading to unusual transmission characteristics of the structures. In particular the expected decrease in transmission on passing through the connectivity threshold (50% occupancy) may now be reversed due to the presence of these spatially extended resonant modes, producing an unexpected large increase in transmission at frequencies somewhat below the diffraction edge where the evanescent diffractive fields play a key role. The results found accord well with those predicted from finite element modelling using a perfect electrical conductor approximation with the caveat that in reality finite conductance of the metal leads to some absorption loss. Highly symmetric patch arrays of the type studied here and also in reference 22 provide incidence angle independent selective filters (Salisbury screens) but possibly more significantly when used near the connectivity threshold with a small measure of disorder they give the opportunity for broad band 50% mirrors. Further because of the inverse character of the resonance they provide a new type of structure to add to the already wide palette of patterned metal structures for controlling microwaves.
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